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ABSTRACT
We consider cosmological implications of the formation of first stellar size black holes (BHs) in the
universe. Such BHs form and grow by accretion in minihaloes of masses ≃ 105–107M⊙, and emit
non-thermal radiation which impact the ionization and thermal state of the IGM. We compute the
implications of this process. We show that the influence regions for hydrogen increase to 10kpc (physical
length) for non-growing BHs to more than 0.3–1Mpc for accreting BHs, the influence regions are ten
times smaller for singly ionized helium. We consider three possible observables from the influence
zones around accreting BHs during 8.5 < z < 25: HI 21cm line, hyperfine line of 3HeII, and HI
recombination lines. We show that the 21cm emitting region around a growing BH could produce
brightness temperatures ≃ 15mK across an evolving structure of 1Mpc in size with hot, ionized gas
closer to the BH and much cooler in outer regions. We show that the ongoing and upcoming radio
interferometers such as LOFAR and SKA1-LOW might be able to detect these regions. 3HeII emission
from regions surrounding the growing BH is weak: the corresponding brightness temperatures reaches
tens of nano-Kelvin, which is below the range of upcoming SKA1-MED. We show that for growing
BHs Hα line could be detected by JWST with S/N = 10 in 104 seconds of integration. In light on the
recent EDGES result, we show that with additional cooling of baryons owing to collision with dark
matter the HI signal could be enhanced by more than an order of magnitude.
Keywords: cosmology: theory — early universe — line: formation — radio lines: general
1. INTRODUCTION
The probes of the epoch of reionization (EoR) and cos-
mic dawn remain outstanding aims of modern cosmol-
ogy. While relevant information about the era of cosmic
dawn remains elusive, important strides have been made
in understanding the EoR since 2000, mainly owing to
the detection of Gunn-Peterson effect at z ≃ 6 and
the CMB temperature and polarization anisotropies by
WMAP and Planck (Planck 2015 results. XIII. 2015;
Fan et al. 2006). The discovery of Gunn-Peterson
trough indicates that the universe could be making
a transition from fully ionized to neutral at z ≃ 6. The
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CMB anisotropy measurements are consistent with the
universe being fully ionized at z ≃ 8.5. The current
best bounds on the redshift of reionization from Planck
put strong constraints on the redshift of reionization,
zreion = 8.5± 1 (Planck 2015 results. XIII. 2015).
Theoretical estimates show that the first stars in the
universe might have formed at z ≃ 65 (Naoz et al.
2006) thereby ending the dark age of the universe. The
emission of UV light from these structures carve out
ionized regions which might have percolated at z ≃ 9
(see e.g. Barkana & Loeb 2001, and references therein).
However, the nature of these first sources that ionize
and heat the intergalactic medium is difficult to estab-
lish within the framework of current theoretical mod-
els. The two mostly likely candidates are star-forming
haloes and the precursors of quasars. In the latter case,
the emission could be dominated by accretion onto a
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seed stellar-mass black hole, the case we consider in this
paper.
One way to probe this phase is through the detec-
tion of redshifted hyperfine transition of neutral hy-
drogen (H I) from this era. The past one decade
has seen major progress on both theoretical and ex-
perimental efforts in this direction. Theoretical esti-
mates show that the global H I signal is observable
in both absorption and emission with its strength
in the range −200–20mK in a frequency range of
50–150MHz, which corresponds roughly to a red-
shift range 25 > z > 8 (e.g. Madau et al. 1997;
Tozzi et al. 2000; Gnedin & Shaver 2004; Sethi 2005;
Pritchard & Loeb 2008; Cohen et al. 2017). The fluc-
tuating component of the signal is likely to be an order
of magnitude smaller on scales in the range 3–100 Mpc
(comoving), which implies angular scales in the range
≃ 1–30 arc-minutes (e.g. Zaldarriaga et al. 2004);
(for reviews see e.g. Zaroubi 2013; Furlanetto et al.
2006; Morales & Wyithe 2010). Many of the ongo-
ing and upcoming experiments have the the capability
to detect this signal in hundreds of hours of integra-
tion (e.g. Ahn et al. 2015; Mesinger et al. 2014;
Parsons et al. 2012; McQuinn et al. 2006; Morales
2005; Kulkarni et al. 2016; Pen et al. 2009). Upper
limits on the fluctuating component of the H I signal
have been obtained by many ongoing experiments —
GMRT, MWA, PAPER, and LOFAR (Patil et al. 2017;
Beardsley et al. 2016; Ali et al. 2015; Paciga et al.
2013).
In addition to the redshifted hyperfine line of HI, it
might be possible to probe cosmic dawn and EoR using
other spectral lines of the primordial gas. Therefore, we
consider also HI recombination lines and hyperfine line
of 3HeII.
In this paper, we consider the impact of a grow-
ing black hole (BH)on the thermal and ionization
state of the IGM in the redshift range 8 < z < 25.
There is copious observational evidences of the exis-
tence of supermassive black holes with masses upto
M ∼ 109 M⊙ at z ≃ 7 (see e.g., Mortlock et al.
2011; Ban˜ados et al. 2017; Matsuoka et al. 2016;
Venemans et al. 2013, 2015; Wu et al. 2015)1. The
presence of such “monstrous” black holes in the
young Universe with ages less than 500 Myr seems
challenging because of strong radiative and wind
feedback (see in Sijacki et al. 2015; Khandai et al.
2015; Rosas-Guevara et al. 2016; Volonteri et al.
2016; Negri & Volonteri 2017; Gaspari & Sa¸dowski
1 http://www.homepages.ucl.ac.uk/ ucapeib/list of all quasars.htm
2017; Weinberger et al. 2018; Latif & Ferrara 2016;
Latif et al. 2018). In this paper we address the ques-
tion of whether the regions around these growing BHs
can be observed in 21 cm emission, helium hyperfine
line and hydrogen recombination lines.
In the next section, we describe our model of pho-
ton emission from a BH that forms in the redshift range
20–25 and subsequently grows owing to accretion. In
section 3 we discuss possible observables that can probe
the thermal and ionization evolution of the gas influ-
enced by emission from the BH. In section 4 we present
our main results. In section 5 we summarize our find-
ings and make concluding remarks. Throughout this
paper, we assume the spatially-flat ΛCDM model with
the following parameters: Ωm = 0.254, ΩB = 0.049,
h = 0.67 and ns = 0.96, with the overall normalization
corresponding to σ8 = 0.83 (Planck 2015 results. XIII.
2015).
2. DESCRIPTION OF THE MODEL
The accretion onto a black hole (BH) is supposed to
be a source of UV/X-ray photons. Supermassive black
holes (SMBH) with masses >∼ 10
9M⊙ are known to ex-
ist at redshifts as high as z > 7 (Mortlock et al. 2011;
Ban˜ados et al. 2017). One can expect that during their
growth phase their predecessor would contribute to heat-
ing and ionization of the Universe. In order that a
stellar-mass BH seed would grow to a 109M⊙ SMBH,
a nearly continuous accretion with the Eddington rate
is the most efficient regime, under which the BH mass
MBH grows as (Shapiro 2005; Volonteri & Rees 2005,
2006):
MBH(t) =MBH,t=0exp
(
1− ǫ
ǫ
t
tE
)
(1)
where MBH,t=0 is initial BH mass and tE = 0.45 Gyr,
ǫ is radiative efficiency —the efficiency of conversion of
rest-mass energy to luminous energy by accretion onto
a black hole of mass M (Shapiro 2005), ǫ ≃ 0.1 is taken
as fiducial value; we discuss the impact of varying ǫ in
later sections. Following Shapiro (2005) we assume that
the efficiency of accretion luminosity ǫL ≡ L/LE, where
LE is the Eddington luminosity, is equal to unity in our
calculations; ǫL = 1 is thought to represent the upper
observed limit of quasar luminosity (McLure & Dunlop
2004).
The spectrum of the ionizing radiation emitted during
accretion is assumed to be a power-law:
Lν = L0
(
ν
νH
)α
(2)
where α = −1.5, which is assumed as a fiducial value
in our calculations, L0 is a normalization coefficient,
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which is obtained for the bolometric luminosity of BH:
LBH = 1.25×10
38MBH erg/s in energy range from 13.6
to 104 eV. The bolometric luminosity is assumed to be
equal to the Eddington limit. The spectral energy dis-
tribution slope of active galactic nuclei is measured to be
from−1.7 to −1.4 (Telfer et al. 2002; Scott et al. 2004;
Shull et al. 2012; Stevans et al. 2014; Lusso et al.
2015), and we consider how this affects on our results
below.
Current theoretical models of first (Population III) in
the Universe favor the IMF to be dominated by mas-
sive objects in the range from tens to hundreds of so-
lar masses (e.g., Abel et al. 2002; Bromm et al. 2002;
Yoshida et al. 2008). In the lower mass end (tens of
solar masses) stars can form either due to various feed-
backs (Tan & McKee 2004; Hosokawa et al. 2011), or
due to atomic cooling in metal-free gas with the virial
temperature T > 104 K (e.g., Becerra et al. 2015), or
owing to cooling by metals/dust in a weakly enriched
gas (e.g., Bromm et al. 2001; Dopcke et al. 2013).
The seeds for BHs are the final product of the evo-
lution of Population III stars with M ∼ 30–260M⊙
(see e.g., Woosley et al. 2002). Low-mass stars, M ∼
30M⊙, are likely more numerous and might be more
common seeds for BHs. However, only a small mass
fraction ∼ 10% of their progenitors collapses to a BH
and therefore these star do not contribute significantly
to the growth of supermassive black holes. Even though
this fraction increases for higher mass stars, it still re-
mains less than 50% for M <∼ 100M⊙. However, stars
with M >∼ 260 M⊙ leave remnants—black holes, only
slightly less massive than the progenitor. The Edding-
ton rate is relatively slow: as seen from Eq. (1) the
accretion with ǫ = 0.1 increases the BH mass by fac-
tor 10 from z = 50 to z ≃ 20 and by 30 to z ≃ 17.
Therefore, only stellar progenitors of M >∼ 260 M⊙ are
capable of giving rise to SMBHs. Based on these consid-
erations, in our calculations, we adopt MBH = 300 M⊙
as fiducial value for BH seeds, though deviations from
this value are also discussed. It is worth noting that
in low-mass halos (apparently < 106M⊙ Whalen et al.
2012; Jeon et al. 2012; Park & Ricotti 2011), radiative
and mechanical feedback can inhibit growing supermas-
sive BH from a stellar mass BH seed. However, cur-
rently there are too few numrical simulations for firm
conclusions about inhibitive feedbacks on the growth of
SMBHs in more massive ≥ 108M⊙) minihalos (Whalen
2018).
Stellar progenitors of BHs are formed in minihalos
with total masses M ∼ 105 − 107 M⊙ (Haiman et al.
1996; Tegmark et al. 1997), (see also review Barkana & Loeb
2001). Eventually, depending on specific conditions
in a minihalo a single very massive star or/and sev-
eral less massive stars do form and produce copi-
ous amount of ionizing photons (Tumlinson & Shull
2000; Bromm & Larson 2004). As a result a signifi-
cant fraction of gas in the host minihalo becomes ion-
ized, and the escape fraction of Lyman continuum pho-
tons into the IGM can grow substantially (see review
Ciardi & Ferrara 2005; Ferrara & Loeb 2013).
To model absorption of ionizing photons inside the
halo we assume that average total column density of HI
inherent to the host galaxy is NhHI with primordial abun-
dance of elements: X = 0.76, YHe = 0.24. In calcula-
tions we include not only absorption in the host galaxy,
but in the circumgalactic gas within several virial radii
(≃ 1–3) as well. Neutral hydrogen fraction in the inter-
stellar medium (ISM) of the host halo is determined by
detailed evolution of the halo, e.g. gas coolng/heating,
possible star formation and BH feedbacks, and so on.
On the other hand, density and velocity profiles out-
side the halo might be altered by tidal interactions and
merging with other halos. Therefore, finding a closer
connection between NhHI and the underlying galactic
ISM is very challenging (see e.g., Bromm et al. 2003;
Whalen et al. 2004; Greif et al. 2007; Whalen et al.
2008; Vasiliev et al. 2008, 2012), and lies out of the
scope of the paper. However, it is obvious that on much
larger scales where the diagnostics discussed in this pa-
per arise, e.g. 21cm signal, details of gas distribution
around host halo plays a minor role and only the aver-
age value of NhHI might suffice to model the absorption
inside the halo.
Therefore, we consider several values for NhHI to model
the host halo, with NhH = 10
20 cm−2 as a fiducial value.
This choice is consistent with the fact that the total
column density of minihalos with M <∼ 10
9M⊙ formed
at z ≃ 10–20 are less than 1021 cm−2 (assuming the
top-hat density profile, for simplicity). As we expect
the gas inside halos to be partially ionized by both stel-
lar progenitors and the BH itself, the adopted value of
HI column density seems a reasonable conservative es-
timate. In Sec. 4.2 we will discuss dependence of our
results on its variation.
The radiation from the growing BH can also be at-
tenuated by neutral IGM gas. Optical depth at dis-
tance r from the BH is τν(r) =
∫
σkν (r)n
k(r)dr, where
k = HI, HeI, HeII, σkν are the cross-sections at fre-
quency ν (Cen 1992; Glover & Jappsen 2007), the values
σkν (r) and n
k(r) depend on ionization and thermal his-
tory of the IGM, whose evolution is described below.
Then, the flux of ionizing radiation at a distance r
from the BH is
Fν =
Lν
4πr2
exp(−τh − τIGM) (3)
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where the first term in the exponent is due to the at-
tenuation in the host galaxy (it depends on NhHI and we
assume it to remain constant during the evolution), the
second term is determined by absorption in the medium
surrounding the BH and the intergalactic medium.
In the hierarchical structure formation scenario, mini-
halos undergo mergers. In some of which the seeds of
BHs with intermediate mass form, and can efficiently
grow only when a considerable reservoir of gas is avail-
able. It suggests that minihalos with growing BHs un-
dergo frequent mergers, and collect a sufficient gas mass
for BHs feeding. The lower the radiative efficiency dur-
ing a BH growth the larger is the mass necessary to
maintain the growth, and it may happen that this mass
will exceed the initial baryon mass of the host minihalo.
For instance, for ǫ = 0.2 a BH mass grows about 33
times in ∼400 Myr. For a seed with MBH = 300 M⊙
such a growth can be maintained in the host minihalo
as small as M <∼ 10
5 M⊙. However, for ǫ = 0.1 in the
same period the BH mass increases by about 2.5 × 103
times, whereas for ǫ = 0.05 the ratio reaches values as
high as 1.5× 107. Therefore, only those minihalos with
the accretion rate higher than M˙ ≥ 0.4 M⊙ yr
−1 could
host growing BH with such a low radiative efficiency.
In the ΛCDM model, star-forming minihalos for a
wide range of masses < 108M⊙ merge and virialize at
z >∼ 25 as (3-4)σ density peaks. The merging rate of such
minihalos seems to be sufficient to provide the sites for
feeding growth of massive BHs (Volonteri & Rees 2005).
Based on these considerations we start the evolution at
z0 = 25 and continue it for 400 Myr, which corresponds
to the final redshift z ≃ 10, which is close to the era at
which reionization of the Universe is completed. There-
fore we explicitly assume that black holes grow nearly
with a steady state Eddington accretion rate on cos-
mological time scales. In this regard such a considera-
tion excludes a possibility to incorporate here recently
widely discussed direct monolithic collapse of supermas-
sive black holes (Begelman 2006), as they apparently
keep the accretion rate close to the Eddington limit only
in a very short time scale ∼ 1 Myr after formation (see
e.g. Johnson et al. 2011).
How numerous could the high redshift BHs be? The
space density of haloes that can host BHs at high red-
shifts can be computed using Press-Schechter formalism.
Assuming a typical halo mass of 107M⊙, the comov-
ing density of such haloes increases from 10−2 Mpc−3
to nearly 1Mpc−3 in the redshift range 10 to 20 (e.g.
Barkana & Loeb 2001). However, converting space den-
sity of haloes that can host BHs to the number density of
BH precursors is highly uncertain. Their comoving den-
sity could lie in the range 10−3–10−10Mpc−3 at z ≃ 10
(e.g. Figure 4 of Dijkstra et al. 2014).
Two AGNs have been detected at z > 7 and these
AGNs host BHs with M ≃ 109M⊙. In the case these
BHs grew from stellar seeds, the growth could have com-
menced at z ≃ 14 to reach M ≃ 109M⊙ within one Ed-
dington time (0.45 Gyrs, which is close our final time in
calculations) for ǫ = 0.05. At smaller redshifts (z ≃ 2–4)
such AGNs have absolute magnitudes in the range -26 to
-28 (see Figure 5 in McLure & Dunlop (2004) and Figure
13 of Palanque-Delabrouille et al. (2013)). Less mas-
sive BHsM ≃ 108M⊙ are expected to be more than hun-
dred times more numerous (Figure 6 in Volonteri & Rees
2006). These BHs could have emerged from the same
mass haloes but for larger values of ǫ.
In our mode, a minihalo with a seed BH is immersed
into the IGM. Dynamical state and structure of the tran-
sition layer between minihalo and surrounding gas can
be in general complicated, with inhomogeneous distri-
bution of gas density, temperature and velocity field.
We neglect the complications of this narrow interface
and match the minihalo directly to the IGM, starting
our calculations from the internal boundary of the sur-
rounding intergalactic gas. We assume this gas to have
homogeneous distribution of density and temperature
decreasing due to cosmological expansion: ∝ (1 + z)−3
and ∝ (1 + z)−2, until the ionizing radiation from a BH
changes its thermodynamics.
We consider the evolution of gas enclosed in the con-
centric static spheres with a BH in the center. The radii
of spheres extend from 103 to 107 pc (all distances
are expressed in physical units unless otherwise speci-
fied). The radii of neighbouring spheres differ by a factor
ar = 1.1: ri+1 = arri, which yields 100 concentric shells
accounting for the ratio of outer radius to inner radius.
Note that the inner radius is about three times greater
than the virial radius of minihalo with M = 107 M⊙
formed at z = 20 (e.g. Ciardi & Ferrara 2005).
In each sphere we solve thermal and ionization evolu-
tion of hydrogen, neutral helium and singly ionized he-
lium. We consider the following processes for primordial
plasma: collisional ionization, recombination, photoion-
ization by UV/X-ray radiation from the BH attenuated
by both the host galaxy and the surrounding IGM gas.
The thermal evolution includes cooling due to collisional
ionization for HI, HeI, HeII, recombination of HII, HeII
(radiative and dielectronic), HeIII, collisional excitation
of HI, HeI (12S and 23S), HeII, free-free emission and
Compton cooling/heating, and photoionization heating.
The reaction and cooling/heating rates are taken from
Cen (1992); Glover & Jappsen (2007). Because we con-
sider ionization by X-ray radiation the influence by sec-
Observing the influence by growing BHs 5
ondary electrons is taken into account as described in
(Shull & van Steenberg 1985; Ricotti et al. 2002). In
equation of thermal evolution we add the cooling term
due to the Hubble expansion, in order to correctly de-
scribe evolution on time scales greater than the local
age of the universe. We solve the equations on time
scale 400 Myr, such that for the initial redshift z0 = 20
our calculations complete at 8.5. The initial gas temper-
ature and HII fraction for a given redshift are obtained
by using the RECFAST code (Seager et al. 2000), while
helium in the initial state is assumed to be neutral.
3. OBSERVABLE FEATURES OF COSMIC DAWN
AND EPOCH OF REIONIZATION
In this section we discuss in detail the possible observ-
ables in the redshift range 8.5 < z < 25 owing to the
impact of radiation from the accreting BH.
3.1. 21cm line
Atomic collisions and scattering of UV photons cou-
ple the HI spin temperature to the gas kinetic temper-
ature, Tk, and the color temperature, Tc (Field 1958;
Wouthuysen 1952):
THIs =
TCMB + ycTk + yaTc
1 + yc + ya
(4)
Here yc and ya determine the coupling of the two states
of the HI hyperfine splitting owing to collisions and
Lyman- α photons (Wouthuysen-Field coupling), re-
spectively; yc = C
HI
10 T⋆/(AHIT ) with T⋆ = hνHI/k and
CHI10 being the collisional de-excitation rate of the hyper-
fine line of HI. We assume that the color temperature
is coupled to the gas kinetic temperature: Tc ≃ Tk.
The coefficient ya is similarly defined with collisional
de-excitation rate replaced with the de-excitation rate
owing to Lyman-α photons. Given the geometry of
our physical setting, the coupling of the expanding gas
with Lyman-α photons from BH needs to be discussed
in detail. Lyman-α photons in the rest frame of BH
are strongly absorbed in the halo of column density
NHI ≃ 10
20 cm−2 surrounding the BH as the line cen-
ter cross-section for Lyman-α scattering is ≃ 10−13 cm2
(assuming a temperature T ≃ 5000K). Using Voigt
profile one can show that photons of frequencies ν ≃
να ± 50∆νD, with ∆νD = να/c(2kT/mp)
1/2 ≃ 10−5να
being the Doppler width – can escape the halo. As
the medium outside the halo is expanding the photons
will redshift, and photons with frequencies larger than
Lyman-α in BH rest frame can get absorbed in the ex-
panding medium. Using local Hubble’s law, v = H(z)r
one can show these photons to get absorbed for a range
of distances 0.01–1Mpc from the halo.
This motivates us to assume that the number of
Lyman-α photons (which are photons with frequencies
marginally above Lyman-α in BH rest frame) in the ex-
panding medium suffer only geometric 1/r2 dilution. In
addition, we also assume that in situ injected Lyman-
α photons emerge due to recombinations with number
density proportional to the local photoinization rate
(see Eqs. 15 and 17 in Chen & Miralda-Escude´ 2004).
Here following Field (1958) we also explicitly assume
the “color temperature” of Ly-α photons to be equal to
the gas kinetic temperature.
In the collisional de-excitation rate we take into ac-
count collisions with H atoms (Kuhlen et al. 2006) and
electrons (Liszt 2001). ya is proportional to the number
density of Lyman-α photons at the point of scattering.
The differential brightness temperature for the red-
shifted HI line can be estimated (Chen & Miralda-Escude´
2004; Furlanetto et al. 2006):
∆T bHI = 25 mK(1 + δ)
nHI
n
THIs − TCMB
THIs
(
Ωbh
0.03
)
×
×
(
0.3
Ωm
)0.5(
1 + z
10
)0.5 [
H(z)/(1 + z)
dv||/dr||
]
(5)
where δ is overdensity, which is neglected as we assume
the uniform Hubble expansion at high redshifts so that
the gradient of the proper velocity along the line of sight
dv||/dr|| equals H(z)/(1 + z). Near the halos hosted
by BHs the line broadening is dominated by peculiar ve-
locities of IGM gas rather than the Hubble expansion,
in this case the center-of-line optical depth and conse-
quently the brightness temperature ∆T bHI decrease.
3.1.1. Global condition on HI absorption from EDGES
observation
In this work, we model the HI signal from gas sur-
rounding an isolated accreting black hole. Such black
holes are not the only source that can emit UV radia-
tion relevant for modelling HI absorption and emission
signal from high redshift. While we do not incorporate
in our models all other possible sources in the redshift
range of interest, it is important to know physical state
of gas far from the zone of influence of the black hole.
This would allow us to smoothly match HI signal from
regions close to the black holes to the signal expected
from ambient gas under global conditions.
Recent EDGES observation (Bowman et al. 2018)
shows a sky-averaged absorption feature of strength
∆T ≃ −500mK in the frequency range 70–90 MHz
which corresponds to a redshift range 15–19 for the red-
shifted HI line.
The minimum temperature of the IGM at z ≃ 19 is
T ≃ 6K in the usual case (standard recombination his-
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tory), and it follows from Eq. (5) that the absorption
trough in the redshifted HI hyperfine line at z ≃ 19
should not have been deeper than around −180mK.
One plausible explanation of EDGES results relates to
overcooling of baryons by elastic collisions with dark
matter particles, as suggested by Barkana (2018). In
this case, as seen in Eqs. (4) and (5): (a) Lyman-α pho-
tons globally couple the spin temperature to matter tem-
perature, i.e. Tyα ≫ TCMB, such that Ts = T at z ≃ 19,
and (b) Ts ≪ TCMB as the signal is seen in absorption
and is strong. Note though that this explanation is still
widely debated, because of a possible systematic error
of the EDGES result (Hills et al. 2018). Another pos-
sible alternative explanations might be that there is ad-
ditional radio background at z ≃ 18 whose temperature
Tradio is higher than the CMB temperature; in this case
we can replace TCMB with the TCMB + Tradio in Eq. (5)
(Feng & Holder 2018) and the enhancement of the ob-
served signal is not owing to the cooling of baryons. It
is also conceivable that the observed feature is owing to
radiation from spinning dust grains in the Galactic ISM
(Draine & Miralda-Escude´ 2018). We explore here the
implications of coupling between DM and baryons as a
possible explanation of EDGES result.
To model the global conditions implied by EDGES
observations we solve one more equation for the dark
matter temperature, Tdm, which can be altered due to
adiabatic expansion and the interaction with baryons.
In addition, the term corresponding to the interac-
tion of matter with dark matter is added to the mat-
ter temperature equation as well (for details see e.g.
Barkana et al. 2018). We follow Barkana et al. (2018)
in modelling σdm, the energy-exchange cross-section
between dark matter and matter, as following the
form of Rutherford scattering between a millicharge
dark matter particle with electrons (e.g. Dvorkin et al.
2014; Chuzhoy & Kolb 2009; McDermott et al. 2011;
Mun˜oz & Loeb 2018; Berlin et al. 2018). In this case,
σdm = 8πg
2e4/(memdmv
4) log (Λ), here g is the ra-
tio of dark matter charge to electron charge. v is the
relative velocity between the two particles and 〈σdmv〉
corresponds to thermal averaging. The most significant
aspect of such an interaction for our purposes is that it
is proportional to 1/v4 and therefore at higher redshifts
when the temperature is higher, the interaction is negli-
gible. ndm the number density of dark matter particles
is another free parameter, ndm = ρdm/mdm.
As there are three free parameters in modelling this
interaction—the number density of dark matter particle
(or equivalently the mass of dark matter particle) and
interaction strength between dark matter and baryons,
and initial temperature of dark matter—a rich array
of possible scenarios are possible (for details see e.g.
Barkana et al. 2018). It is not our aim here to con-
strain these parameters but obtain the global condition
of the HI gas in the redshift range of interest. To cool
the baryons at z ≃ 20, we require, ndmσdmv > H , where
H is the expansion rate of the universe. Using the ex-
pression for σdm given above, v as the average speed of
thermal electrons at z ≃ 20 before the additional cooling
sets in, and assuming 1% of the DM to be milli-charged,
we obtain g > 10−7 for mdm ≃ 10MeV, in agreement
with the results of Barkana et al. (2018).
We also need a global heating source which allows the
HI to heat above the CMB temperature for z < 15,
as the EDGES observation require. We add the corre-
sponding term that gives additional heating source for
global heating; this term is modelled as photoelectric
heating by x-ray photons from sources except from the
BH (see e.g. (Fialkov et al. 2014; Cohen et al. 2017;
Fialkov et al. 2018).
As noted above, an essential component of our mod-
elling the EDGES result is THIs = T in Eq. (4). All
the parameters (global heating rate, cross-section of
dark matter-baryon scattering, Lyman-α coupling) have
been chosen to fit the 21 cm brightness temperature
Tb ∼ −500 mK at z ∼ 20 as in (Bowman et al. 2018).
3.2. 3HeII hyperfine line
Another important hyperfine structure transition
exists in a singly ionized helium-3 isotope 3HeII at
8.67 GHz(Townes 1957; Sunyaev 1966; Goldwire & Goss
1967; Rood et al. 1979; Bell 2000; Bagla & Loeb 2009;
McQuinn & Switzer 2009; Takeuchi et al. 2014). Sim-
ilar to the HI hyperfine line this transition is excited
by collisions with atoms and electrons and photon scat-
tering. The rate of transition owing to collisions for a
singly ionized helium-3 with electrons is given by:
C
3
HeII
10 = ne
(
kT
πmec2
)1/2
cσ
3
HeII
e (6)
where σ
3
HeII
e is the average cross-section of the spin ex-
change between 3HeII and electrons, which is approxi-
mated as (McQuinn & Switzer 2009)
σ
3
HeII
e ≃
14.3eV
kT
a20, (7)
where a0 is the Bohr radius. In this case, the
Wouthuysen-Field coupling between the two levels is
caused by photons of wavelength, λ = 304 A˚ (Eq. 17
in McQuinn & Switzer 2009). The number density of
these photons at the point of scattering is computed
from the spectrum of BH emission. This allows us
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to calculate the differential brightness temperature of
3HeII line using Eq. (4):
∆T b3HeII = 1.7× 10
−3 mK (1 + δ)
nHeII
n
×
×
T
3
HeII
s − TCMB
T 3HeIIs
(
Y3He
10−5
)(
Ωbh
0.03
)
×
×
(
0.3
Ωm
)0.5(
1 + z
10
)0.5 [
H(z)/(1 + z)
dv||/dr||
]
(8)
where Y3He is the primordial abundance of the helium-3
isotope, which is assumed to be equal 10−5, nHeII is the
number density of singly ionized helium-4 isotope.
3.3. Optical and radio- recombination lines
As seen in Figure 1, growing BHs produce regions of
high ionization which can potentially be detected in hy-
drogen recombination lines.
The frequencies of Hnj lines are: νHnj = cR
[
1
n2 −
1
j2
]
with j > n and R = 1.0968× 105 cm−1 being the Ryd-
berg constant for hydrogen. The emissivity of a recom-
bination line averaged over a sphere of radius ri around
the BH is: ǫHnj(ri) = qnjαjne(ri)nHII(ri); ne(ri) and
nHII(ri) are number densities of e and HII species, re-
spectively, αj is the recombination coefficient to jth
state (for detailed discussion and derivation see e.g.
Rybicki & Lightman 2004), and qnj ≃ Ajn/
∑
m<j
Ajm is
the probability that an atom recombined to jth state
emits a photon by a spontaneous decay on to nth state.
In practice Hnα lines from transitions between the states
n and n+1 are usually considered because they are the
strongest with the A-coefficients being the largest (e.g.
Rybicki & Lightman 2004).
The emissivity in these lines can be approximated
as: ǫ(ri) ≃ 3.25n
−2.72αB(ri)ne(ri)nHII(ri) (Rule et al.
2013), where αB is the case B recombination rate (eqn.
14.8 in Draine 2011). The total luminosity in j-line is
Lj = (hc/λj)
∑
i ǫj(ri)V (ri), where Vi is the volume of
i-sphere. We include all spheres with T > 100 K and
achieve reasonable convergence for the predicted lumi-
nosity as the ionized fraction falls faster than r−2i . The
flux in j-line is
Fνj =
1
∆νj
(1 + z)Lj
4πd2L
(9)
where dL is the luminosity distance. The line width is
∆νj = max(1/
∑
i<j Ani,∆νD). In all cases of interest
here the Doppler broadening dominates, such that ∆νj
is given by Doppler line width:
∆νj =
νj0
c
√
2kT
mp
. (10)
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Figure 1. The radial distribution (radius is in physical,
not comoving units) of the kinetic temperature (upper), HII
fraction (middle), and HeII fraction (lower) around a BH
with initial mass MBH,z0 = 300M⊙ and radiative efficiency
ǫ = 0.1 starting its evolution at z0 = 20 for several redshifts:
z = 16.5, 12.5, 10.5, 8.5 (lines from left to right); dashed lines
stay for a BH with a constant mass MBH = 300M⊙.
4. RESULTS
4.1. HI 21 cm observables
Figure 1 shows thermal and ionization evolution
around both non-growing (constant mass) and growing
BHs with the initial redshift z0 = 20. The non-growing
BH is surrounded by the zone of influence – the region
of (physical) size r <∼ 10
5 pc, in which the gas temper-
ature and the ionized fraction of hydrogen and helium
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differ significantly from the background values. In the
central part of r ∼ 10 kpc the ionized fraction of hydro-
gen reaches close to unity and the temperature exceeds
104 K. The zone of ionized gas shows a slow evolution
with redshift, r ∝ t.
The growing BH produces more ionizing photons and
the zone of influence increases in time much faster than
in the previous case, nearly as r ∝ t1.6. For ǫ = 0.1 the
size of a sphere, where the gas temperature and ioniz-
ing fraction differ markedly from the background values,
becomes at redshift z = 8.5 more than an order of mag-
nitude larger as compared to that for a non-growing BH.
The physical size of the zone of influence in the latter
case grows from nearly 10 kpc to 300 kpc during the
growth of the central BH. The ionization fraction of hy-
drogen can reach a few percents within the region with
temperature exceeding 300 K. The zone of influence of
helium is generally smaller and reaches on the upper end
100 kpc.
First, we consider the case when the implications of
EDGES results are not taken into account. Figure 2
shows radial profiles of brightness temperature for a
static (dashed lines) and growing (solid lines) BHs for
two different values of the radiative efficiency ǫ = 0.1 and
0.05. As seen the brightness temperature peaks at the
region with sufficiently high kinetic gas temperature T
and high fraction of the atomic hydrogen, i.e. where the
product TxHI peaks. On the contrary, the signal from
21 cm vanishes where the Lyman-α coupling becomes
inefficient. As seen from Eq. (1) lower ǫ causes higher
accretion rate and higher luminosity. Consequently, the
zones of influence are greater and the 21 cm line emis-
sion brightens at a given time, such that its appearance
becomes more clearly pronounced.
Figure 3 shows the radius at which the brightness
temperature in the 21 cm HI line ∆Tb reaches maxi-
mum (red lines) and the radius beyond which ∆Tb be-
comes negative (green lines) versus the radiation effi-
ciency ǫ, at two redshifts: z = 10.5 (dashed lines)
and 8.5 (solid lines) for a BH starting its evolution at
z0 = 20. Clearly seen is that the region influenced by
growing BHs is larger for smaller ǫ: for ǫ ≃ 0.05 it
extends up to ∼ 1 Mpc, corresponding to the comov-
ing scale ≃ 10Mpc which is close to the spatial resolu-
tion of on-going radio-interferometers like LOFAR. For
ǫ ∼ 0.1–0.25 it reaches around 0.1 Mpc at z <∼ 10.5. This
is also comparable to the mean distance between mini-
halos with M >∼ 10
6 M⊙ at z ∼ 10, what means that
a growing BH can affect star-formation in neighbour-
ing minihalos (Haiman et al. 2000), that can result in
a stronger signal in the 21 cm line.
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Figure 2. The brightness temperature in the 21 cm HI line
as a function of radius is plotted for different cases around a
BH with initial mass MBH,z0 = 300 M⊙, starting its evolu-
tion at z0 = 20 with the radiative efficiency ǫ = 0.1 (upper
panel) and 0.05 (lower panel). The dashed lines shown in the
upper panel correspond to a non-growing BH with constant
BH mass MBH = 300 M⊙.
The evolution of such region can be represented in
observable values. Figure 4 shows how the angular di-
ameter of the region emitting in 21 cm line depends on
observed frequency νo = 1420 MHz/(1+z) for a growing
BH with radiative efficiency ǫ = 0.1 starting its evolu-
tion at redshifts z0 = 50, 30 and 20. The diameter of
the emitting sphere is defined as that where the bright-
ness temperature in the 21 cm HI line ∆THIb reaches the
maximum (see Figure 1). One can note that the angu-
lar size of the regions becomes greater than 1 arcmin at
ν ∼ 110− 150 MHz. The increase of radiative efficiency
obviously leads to larger angular size, e.g. it grows up
to 1.7 arcmin at 150 MHz (z = 8.5).
Ongoing radio interferometer such as LOFAR and up-
coming SKA1-LOW have the capability of detecting the
contrast between HI brightness temperature on angu-
lar scales of a few arcminutes. This contrast could be
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Figure 3. The radii of spheres around a BH with the initial
mass MBH,z0 = 300 M⊙ starting its evolution at z0 = 20
versus the radiative efficiency ǫ at two redshifts: z = 10.5
(dashed lines) and 8.5 (solid lines). The red lines show the
radius at which the brightness temperature in the 21 cm HI
line ∆Tb reaches maximum and the green lines depict the
radius at which ∆Tb is positive (see Figure 2).
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Figure 4. The dependence ’angular diameter – observed
frequency’ for spheres emitted in the HI 21 cm line around
a growing BH with radiative efficiency ǫ = 0.1 starting its
evolution at redshifts z0 = 50, 30 and 20 (lines from left to
right). The diameter of spheres is determined, where the
brightness temperature in the 21 cm HI line ∆THIb reaches
maximum (see Figure 2).
detected statistically, e.g. by measuring two-point cor-
relation function of the intensity of the redshifted HI
line, or by imaging2. Our analysis can be extended to
predict the two-point functions of the spatial distribu-
tion of HI but we do not attempt it here partly because
these functions depend on the fraction of the universe
2 for a discussion on sensitivities for these two observables in
radio interferometry, see e.g. Sethi & Haiman (2008)
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Figure 5. The brightness temperature in the 21 cm HI line
vs radius around a BH with initial mass MBH,z0 = 300 M⊙,
ǫ = 0.1 and z0 = 40, with altered thermodynamics of baryons
due to elastic scattering with cold dark matter.
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Figure 6. Same as in Figure 5 without baryon cooling due
to elastic collisions with dark matter, but with an additional
heating coming from energy released by stars in the first
episode of star formation.
in which the thermal and ionization history is impacted
by early BHs (e.g. Zaldarriaga et al. 2004); this fraction
cannot be reliably computed because the space density
of the precursor of these BHs is highly uncertain, as
already noted above. For imaging, the projected sensi-
tivity of SKA is expected to reach a few millikelvins on
angular scales from 1–10 arcminutes (Koopmans et al.
2015). The expected contrast (Figure 2), particularly
in light of the recent EDGES result, is likely to reach a
few hundred milli kelvins which is easily detectable by
SKA1-LOW and possibly by LOFAR.
4.1.1. Altered thermodynamics from DM cooling
We discuss next the impact of altered thermal history
on cosmological observables caused by additional cool-
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Figure 7. The brightness temperature in the 21 cm HI line
vs radius around a BH with initial mass MBH,z0 = 300 M⊙,
ǫ = 0.1 and z0 = 40, without (solid lines) and with (dashed
lines) an additional heating coming from energy released by
stars in the first episode of star formation.
ing of baryons in elastic interactions with dark matter
(Bowman et al. 2018). We show the impact of global
thermal state of the neutral gas implied by this result in
Figure 5. Closer to the BH the thermal and ionization
state of the gas is determined by the emission from the
BH. However, unlike the case shown in Figure 2, the HI
signal is seen in strong absorption far away from the BH
in the redshift range 15–19, in agreement with EDGES
results discussed above.
For comparison in Figure 6 we show a similar model
without baryon cooling forced by elastic interactions
with dark-matter, but with heating from energy released
in initial episodes of star formation as in (Fialkov et al.
2014; Cohen et al. 2017). An obvious distinctive fea-
ture of models with DM cooling is that outside the
zone of influence the brightness temperature follows the
global behavior of HI spin temperature. This situation
causes strong spatial contrast in HI brightness temper-
ature in the redshift range of interest, which makes it
easier to observe this signal using ongoing and future
radio interferometers.
4.2. Dependences on initial parameters
Minihalos are thought to form in high peaks of the
cosmological density field. Even though for higher red-
shifts such peaks become rarer, minihalos can form as
early as z ∼ 50 (Gao et al. 2005). Such minihalos can
host first BHs, which in turn can become progenitors
of supermassive BHs M ∼ 109 M⊙ found at z ∼ 6 − 7
(e.g. Mortlock et al. 2011; Wu et al. 2015). We briefly
discuss possible observational manifestations from BHs
began growing at higher redshifts.
One obvious consequence of a BH growing at higher
redshift is the larger radius of the zone of influence at a
given z. For instance, the size of the zone around a BH
growing from z0 = 25 is greater than that of a BH at
z0 = 20 by about 60% at z = 16.5 (the corresponding 21
cm line shifts to 80 MHz) and 30% at z = 9 (the corre-
sponding line peak frequency is 142 MHz). The bright-
ness temperature magnitude decreases from 5.7 mK at
80 MHz to 1.8 mK at 142 MHz, with weak dependence
on the initial redshift z0.
Another important issue concerns the mass budget of
a growing BH. Dark matter halos that host BHs should
have sufficient amount of baryons to feed the BH. This
requirement is especially critical for lower values of ra-
diative efficiency ǫ. As mentioned above, for ǫ = 0.1, a
BH mass grows by roughly a factor 2.5×103 in∼400Myr
evolution, but the factor reaches 1.5× 107 for ǫ = 0.05.
In such halos the HI column density might be higher
than the fiducial value adopted here, NHI = 10
20 cm−2.
An increase of the HI column density makes the bright-
ness temperature radial profiles to shrink. For example,
for NHI = 10
21 cm−2, the peak of 21 cm brightness
temperature for z = 16.5 shifts from r ∼ 7 kpc, corre-
sponding to the fiducial HI column density, to ∼ 3 kpc.
However, later on this difference diminishes, e.g. the ra-
tio between the radii becomes about 1.3 at z = 8.5. The
difference in sizes of the zone where ∆Tb > 0, is smaller
and becomes negligible for the final redshift.
The masses of stellar BHs formed by very massive
stars remains uncertain. It is conceivable that the initial
mass of a BH may be either lower or higher than the
fiducial value MBH,t=0 = 300 M⊙. As expected more
massive BHs produce larger zones of influence. The ra-
dius of the zone at which the brightness temperature in
HI 21 cm line reaches maximum depends on the initial
mass of a BH seed as r ∼M0.38BH,t=0exp(z
−1.16) for ǫ = 0.1
and MBH,t=0 = (30−10
3) M⊙. For example, its radius
increases by about a factor 1.5 for MBH,t=0 = 10
3 M⊙
until z = 8.5 if a BH starts growing z0 = 20.
The size of the zone of influence around a growing BH
depends on the slope α of the spectral energy distribu-
tion (2), which might vary from −1.7 to −1.4. A flatter
spectrum leads to a larger radius of the zone, whereas a
steeper one produces a smaller zone. For instance, the
zone around a growing BH with α = −1.7 is ∼ 20−25%
smaller than that for the fiducial value α = −1.5.
Finally, we consider how heating and Lyα background
affect evolution of zones of influence around growing
BHs. Resonance and high-energy photons produced
due to the initial episode of star formation provide a
homogeneous background in this case. Figures 2 and
6 show the HI signal around a halo with a growing
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BH immersed in the IGM evolved adiabatically and ex-
posed to both X-ray and Lyα background photons as in
Fialkov et al. (2014); Cohen et al. (2017). These mod-
els represent extreme cases: in the former there is no ex-
ternal background radiation, whereas the latter includes
strong (maximum in the sense that T ≃ Ts) Lyα pump-
ing rate and heating from background ionizing photons.
We combine the expected HI signals for these models in
Figure 7. The growth of the brightness temperature in
the model with heating is due to strong Lyα background.
The size of the influence zone increases with decreasing
redshift in presence of the background. At z = 10 the
size doubles as compared to that in the model with-
out the background radiation. At high redshifts, where
heating is weak such an increase is small.
4.3. 3HeII hyperfine line
As discussed above the other potential observable is
the 3HeII hyperfine line. Unlike massive stars, which
can also ionize HeII (e.g., Tumlinson & Shull 2000), BHs
can form large HeII and even HeIII ionization zones.
Figure 1 presents the radial distribution of the HeII frac-
tion around BHs with a constant and a growing mass.
The size of the HeII region around BH with constant
mass of several hundreds solar masses is about 1-3 kpc,
that is compared to the virial radius of the host dark
matter minihalo. However, it increases by several ten or
even hundred times around a growing BH. Such zones
can emit in the hyperfine structure line of a singly ion-
ized helium-3 isotope. The brightness temperature in
the 3HeII line reaches several tens nanoK (Figure 8),
and the size of the emission zone can extend up to more
than 10 kpc.
The angular size of such zones at frequency ∼ 1 GHz
is of 0.3–0.4 arcmin as shown in Figure 9. Upcoming ra-
dio interferometer SKA1-MID can reach flux sensitivity
of sub micro-Jansky at such frequencies at these angular
scales (Ahn et al. 2015), which corresponds to bright-
ness temperature sensitivity which is still orders of mag-
nitude larger than the expected signal. Therefore it is
unlikely this signal would be detected by upcoming radio
interferometers.
4.4. nα HI recombination lines
We next consider recombination lines arising from ion-
ized regions surrounding the accreting BH.
Figure 10 presents flux in Hα line (left panel) from
partially ionized spheres around a BH starting its evo-
lution at z0 = 20. The size of regions that dominate
emission in Hα line is ≃ 10 kpc. The flux for ǫ ∼ 0.05
exceeds µJy at z <∼ 11. The angular size of such a region
is ≃ 0.2′′ which can be resolved by JWST, which has an-
gular resolution of ≃ 0.05′′. The redshifted Hα line has
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Figure 8. Same as in 2 for 3HeII 3.46 cm line.
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Figure 10. The fluxes in Hα (left panel) and Hnα, n = 30 (right panel) recombination lines that can be detected from partially
ionized spheres around a BH with the initial mass MBH,z0 = 300 M⊙ starting its evolution at z0 = 20 for several radiative
efficiency ǫ = 0.05, 0.1, 0.2, 0.4, 0.6 and static BH mass MBH = 300 M⊙ (lines from top to bottom).
wavelength ≃ 7.8 micron for this case which is accessi-
ble to mid-Infrared (MIRI) instrument aboard JWST.
Around this wavelength, a source of flux ≃ 0.2µJy can
be detected with signal-to-noise S/N = 10 in integra-
tion time of 104 sec. As this sensitivity corresponds to
source within the resolution element of the instrument
(≃ 0.05′′) and the source angular size is nearly four times
the resolution, the sensitivity of detection degrades by
nearly a factor of 4. A comparison of this estimate of
sensitivity with fluxes shown in Figure 10 shows that the
regions of influence around BHs with ǫ ∼ 0.05 (starting
its growth at z0 = 20) can be detected for z ≃ 10–12.
For BHs with higher radiation efficiency ǫ ∼ 0.1 the
surrounding gas might be observable at z ∼ 8.5 in Hα.
Expected fluxes from transitions for n = 30 (Fig-
ure 10, right panel) are near the thresholds of modern
radio telescopes only around very rapidly growing BHs
(ǫ = 0.05). It should be noted that it is much easier to
detect a n, n − 1 transition for smaller n as the flux of
the line ε ∼ n−2.72.
5. CONCLUSIONS
In this paper, we considered the impact of a growing
black hole on thermal and ionization state of the IGM in
the redshift range 8 < z < 25, and discuss possible ob-
servables that can probe this influence. We have found
that the sizes of zones of ionized gas around growing BHs
are greater as compared to that for a non-growing BH:
for accretion with radiative efficiency ǫ = 0.1 they are
more than order of magnitude larger at redshift z = 8.5.
The physical size of a zone of influence increases from
nearly 10 kpc to 300 kpc during the growth of a BH. The
most part of this region contains highly ionized hydro-
gen upto a reasonable fraction of unity, and temperature
exceeding 300 K. Helium ionization region is generally
smaller and reaches a maximum of 100 kpc.
We consider three observables as probe of growing pri-
mordial BHs.
We show that the influence region of 21 cm emis-
sion around an accreting BH with radiative efficiency
ǫ >∼ 0.05–0.1 could be in the range of a few hundred kilo-
parsecs to 1 Mpc (Figure 2). The angular scale of this
emission and the spatial contrast of the HI signal is ac-
cessible to ongoing and upcoming radio telescopes such
as SKA1-LOW. We also consider the impact of recent
EDGES observation (Bowman et al. 2018) and show
that it greatly enhances the expected contrast (Fig-
ure 5).
We also study the emission of hyperfine line of 3HeII
(λ = 3.4 cm) from regions surrounding the growing BH.
The brightness temperatures in these lines could reach
tens of nano-Kelvin. Taking into account the sizes of
these regions we anticipate that this emission cannot be
detected by upcoming radio telescopes SKA1-MED.
We finally consider hydrogen recombination lines (n,n-
1) from ionized regions surrounding growing BHs. The
Hα line provides the best prospect of detection (Fig-
ure 10); JWST can detect this line with S/N = 10 in
ten thousand seconds of integration. Expected fluxes
from transitions between higher levels (e.g. Figure 10
for n = 30) are near the thresholds of modern radio
telescopes only around very rapidly growing BHs.
In sum: we model emission from an accreting primor-
dial BH and study its impact on the ionization and ther-
mal state of surrounding medium. We also consider the
prospects of the detection of this dynamical process in
the redshift range 8.5 < z < 25.
In conclusion we note that the observability of the fea-
tures we discuss in the paper would be greatly boosted if
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the precursors of supermassive black holes could be de-
tected at high redshifts. This possibility has been stud-
ied by Valiante et al. (2018a,b). Their analysis suggests
that future missions such as JWST will be able to detect
high-mass BH seeds at z ∼ 16 directly.
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